Abbreviations: ALL, acute lymphoblastic leukemia; BMI, body mass index; cGVHD, chronic graft-vs-host disease; DLco, diffusing capacity of the lung for carbon monoxide; E/A, ratio between the E-wave and the A-wave from the flow profile of the mitral valve; FEV 1 , forced expiratory volume in 1 second; FFM, fat-free mass; GH, growth hormone; GH peak , peak value of spontaneous growth hormone secretion; GVHD, graft-vs-host disease; HCT, hematopoietic cell transplantation; LBL, lymphoblastic lymphoma; LV-FS, fractional shortening of the left ventricle; MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion; TBI, total body irradiation; TLC, total lung capacity; W peak , peak workload; W peak% , percentage of predicted peak workload. A symptom-limited incremental cycle ergometer test was performed in 17 young adult patients treated with hematopoietic cell transplantation and total body irradiation for hematologic malignancies during childhood. These 17 young adult patients were compared with 17 sex-and age-matched healthy control subjects. Assessments of pulmonary function, cardiac function, body composition, and levels of growth hormone were made. The median follow-up was 17.7 years. Patients achieved 63.2% of the predicted peak workload, whereas controls achieved 96.1% (P < .001). All patients, but only 1 control, failed to achieve a peak workload >80% (P < .001). Fat-free mass was significantly lower (43.5 vs 57.6 kg, P < .001) and fat mass percentage was significantly higher (31.8% vs 24.2%, P = .011) in the patients. The peak workload adjusted for fatfree mass was significantly lower in the patients (3.3 vs 4.3, P < .001). In the patients, peak workload correlated significantly with total lung capacity (r = .54, P = .025). In summary, long-term survivors have significantly decreased exercise capacity compared with healthy individuals. Together with their altered body composition, this may predispose them to cardiovascular disease.
| INTRODUCTION
As hematopoietic cell transplantation (HCT) has become an established treatment for childhood leukemia with an increasing number of long-term survivors, more attention has been focused on the late sequelae of this therapy, 1 especially in those who, as in the current study, were treated with total body irradiation (TBI). Long-term survivors after HCT in childhood may, among other complications, be at increased risk of impaired physical performance. [2] [3] [4] [5] [6] [7] [8] The causes of impaired physical performance include deficits in cardiopulmonary and musculoskeletal function, which may be related to both the primary treatment and the conditioning regimen before HCT. 3, [8] [9] [10] [11] [12] [13] [14] [15] Also, growth hormone (GH) deficiency may develop after HCT 16, 17 and may impair muscle strength and physical performance.
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Impaired physical performance may also be caused by, as well as predispose to, physical inactivity. 4, 8 These complex and interrelated sequelae may all contribute to long-term survivors being at a high risk of developing cardiovascular disease.
Altered body composition with high fat mass and low fatfree mass (FFM) is consistently reported after HCT. 19, 20 This may predispose to cardiovascular disease as well as introduce methodologic difficulties when comparing exercise capacity in HCT survivors with that in healthy individuals with normal body composition. Exercise testing constitutes a global assessment of physical performance and is a well-established predictor of cardiovascular and overall mortality. 21 To date, there are few long-term studies of exercise capacity after HCT in childhood, 2, [4] [5] [6] [7] and only 2 previous studies with a follow-up period exceeding 5 years after HCT have been published. 2, 4 In this study, we assessed exercise capacity in 17 young adult patients treated with HCT and TBI for hematologic malignancies with a median follow-up of 17.7 years.
| METHODS

| Patients
The patients in this cohort were part of a larger study, the aim of which was to ascertain late effects of therapy in long-term transplant survivors, here defined as those alive for >10 years after HCT and who had been treated with TBI for acute lymphoblastic leukemia (ALL)
or lymphoblastic lymphoma (LBL). Results from the study have been previously reported. 9, 12, 17, 22 Forty-five children younger than 18 years and 1 patient who was 18.3 years old, with ALL (n = 43) or LBL (n = 3), were treated at Uppsala University Children's Hospital between October 1985 and June 1999
with autologous (n = 31), syngeneic (n = 1), or allogeneic (n = 14) HCT, which included TBI. Of these 46 patients, 29 were alive at the time of inclusion between 2006 and 2009 (autologous/syngeneic, n = 22, allogeneic, n = 7). The group of interest consisted of young adults without chronic graft-vs-host disease (cGVHD) and who had reached their final height. Twenty-five patients fulfilled these criteria and were invited to participate (autologous/syngeneic, n = 22, allogeneic, n = 3).
One female and 6 male invitees declined participation in the study.
Other than sex, there was no apparent difference between participants and nonparticipants (data not shown).
In the present study, we aimed to investigate exercise capacity.
Patients who were not able to perform the exercise test were excluded. The only patient who was not able to complete the test and was excluded from the study was a female patient with avascular necrosis of the femoral head. This resulted in a study group of 14 recipients of an autograft and 3 recipients of an allogeneic graft. The median follow-up was 17.7 years (range 10.3-22.1 years) ( Table 1 ).
The patients had been treated in accordance with the leukemia protocol applied at the time of their diagnosis. 
| Control participants
To select 1 age-and sex-matched control participant for each patient, letters were sent to 10 potential control subjects for each patient. The controls were selected randomly from a computerized register of the population of Uppsala County. Of the potential controls who accepted the invitation by mail, the first individuals to reply to a phone call were chosen, provided that they did not meet any of the exclusion criteria (known disease, medication other than contraceptives, current pregnancy, smoker). If none of the 10 selected control subjects agreed to participate, a new set of 10 controls was selected and the process was repeated.
| Study protocol
| Exercise capacity
We measured peak workload (W peak ) by using a symptom-limited in- 
| Assessment of pulmonary and cardiac function
In the present study, we used data on pulmonary and cardiac function presented in 2 previous studies that included the same patients and controls. 9, 12 Details of the pulmonary function and echocardiography tests were described in detail in these studies. Measurements included in the present study were total lung capacity (TLC) We used unadjusted W peak when analyzing relationships between exercise capacity and cardiac function variables and W peak% when analyzing relationships between exercise capacity and lung function variables.
| Endocrinology
Spontaneous GH secretion was measured via blood sampling every 30 minutes during the night (12 hours) before the exercise test, yielding a total of 24 samples. The peak value (GH peak ) was used for correlation analysis and presented in milliunits per liter. We defined adult GH deficiency as GH peak <9 mU/L. 31 Thyroxine levels were measured as single samples in the morning.
| Auxiology
Height and weight were measured in the morning. Body mass index When analyzing relationships between exercise capacity and body fat, in conformance with Warner et al, 32 we used W peak adjusted for FFM and total body weight.
| Statistical Analysis
All intergroup comparisons of continuous variables were performed with use of the paired t-test. The variables for self-reported physical exhaustion, breathlessness, and leg fatigue were compared by using 
| Ethics
This study was approved by the Regional Ethical Review Board at Uppsala University (Approval No. 2005:327). All subjects gave their written informed consent before inclusion in the study.
| RESULTS
The median age at HCT was 9.8 years (range 5. Figure 1 ). Both male and female participants performed significantly worse than their respective controls (males 3.6 vs 4.3 W/kg, P < .01; females 3.0 vs 4.2 W/kg, P < .01). When analyzing W peak% , the patients achieved 63.2% of the predicted value, whereas the controls achieved 96.1% of the predicted value (P < .001). Both male and female participants performed significantly worse than their respective controls (males 65.1% vs 96.1%, P < .01; females 60.6% vs 96.0%, P < .01). All patients performed W peak below 80% of the predicted value, whereas this was observed in only 1 of the controls (100% vs 6%, P < .001). There was no significant difference between those who received single fraction TBI and those who received fractionated TBI (72.7% vs 81.5%, P = .43).
The results of the pulmonary function and echocardiography tests are shown in Table 2 . Ten (59%) of the 17 patients, as opposed to none of the 17 controls, had a TLC below 80% of the predicted value (P < .01). In the patient group, W peak% correlated significantly with TLC (expressed as a percentage of the predicted value) but not with FEV 1 or DLco (Table 3) . W peak did not correlate with any of the echocardiographic variables LV-FS, E/A, MAPSE, or TAPSE. W peak /kg FFM (r = −0.58, P = .02) and W peak /kg body weight (r = −0.84, P < .001) correlated inversely with the percentage of fat mass.
At the highest exercise level, there were no significant differences between the patients and the controls regarding heart rate (percentage of maximal heart rate), self-reported physical exhaustion, or breathlessness, suggesting that the patients and the controls exerted themselves equally. The controls reported a higher degree of leg fatigue (Table 4) .
GH peak was significantly lower among the patients (Table 2); 8 patients were estimated to fulfill the criteria for adult GH deficiency.
Eight patients with subclinical hypothyroidism were receiving thyroxine substitution. All patients and controls had normal thyroxine levels at the time of the study. There was no significant correlation between total W peak and GH peak (r = 0.2, P = .44).
| DISCUSSION
We present a study of exercise capacity in long-term survivors after HCT in childhood for hematologic malignancies. With a median follow-up of >17 years, this constitutes the longest follow-up to date.
Also, to our knowledge, no previous HCT study had dual energy Xray absorptiometry performed in conjunction with exercise capacity to be able to adjust for body composition abnormalities. Our findings showed that young adult HCT survivors had significantly decreased exercise capacity compared with a group of sex-and age-matched healthy individuals.
Although the majority of patients in this study were treated with autologous HCT, which today is an obsolete treatment for hematologic malignancies, the findings are still of value because there is a nonnegligible number of late survivors of this treatment who, like all survivors, must be closely followed as they grow older. Allogeneic HCT, with the risk of developing graft-vs-host disease (GVHD), is associated with a different set of long-term complications. It is important to remember, however, that GVHD is not the sole cause of complications after HCT, and we therefore believe that the results of the present study may, to some extent, also be applicable to late survivors after allogeneic HCT.
Of previously published reports on exercise capacity in long-term survivors after childhood HCT, 2,4-7 2 studies included a follow-up period exceeding 5 years after HCT and included data on W peak . Hogarty et al 2 reported that W peak increased significantly over the course of their observation period. Mathiesen et al 4 reported that the W peak /kg in their patients was 78% of that of healthy control subjects after a mean follow-up of 7 years. The corresponding percentage in the present study 17.7 years after HCT was 70% (see Table 2 ). In summary, the patients in the present study performed slightly worse than did the patients in these 2 other studies. A possible explanation for this might be our longer period of follow-up. We have previously shown that pulmonary function deteriorates over time when the observation period is extended more than 10 years after HCT. 12, 33 In the present study, we found a significant positive association between TLC and W peak , implying that low TLC might play a role in limiting exercise capacity. However, we acknowledge that the restrictive impairment is mild and the correlation coefficient is moderate. Restrictive lung disease, as defined by decreased TLC, has been consistently described after HCT, either as an isolated finding or in combination with impaired diffusion capacity. 34 Mechanistically, the restrictive impairment might be due to interstitial inflammation and fibrosis, secondary to radiation therapy and antineoplasia drugs, as well as to damage from repeated lower respiratory tract infections.
T A B L E 2 Exercise capacity and pulmonary, cardiac, and endocrine function in patients and healthy age-and sex-matched controls .01
GH peak, mU/L 9.7 (7.7) 20.7 (11.4) <.01
W peak , peak workload; FFM, fat-free mass; W peak% , percentage of predicted peak workload; TLC % , percentage of predicted total lung capacity; DLco % , percentage of predicted diffusing capacity of lungs for carbon monoxide; FEV 1% , percentage of predicted forced expiratory volume in 1 s; LV-FS, fractional shortening of the left ventricle; E/A, ratio between the E-wave and the A-wave from the flow profile of the mitral valve; MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion; GH peak , peak value of spontaneous growth hormone secretion.
F I G U R E 1 Mean peak workload (W peak ) adjusted for fat-free mass In contrast with our study, Mathiesen et al 4 reported an association between peak oxygen uptake and FEV 1 and between peak oxygen uptake and DLco corrected for alveolar volume but found no associations between peak oxygen uptake and lung volume. The major difference between the 2 studies, other than our longer follow-up period, was that Mathiesen et al 4 included patients who had undergone allogeneic HCT, whereas most of our patients were autografted and thus
were not at risk of developing GVHD, which may predispose to impaired pulmonary function. 35 In the present study, patients with overt cGVHD after allogeneic HCT were excluded. However, this does not exclude a role of alloreactivity at a level not fulfilling the clinical criteria for cGVHD. 35 Further, Mathiesen et al measured peak oxygen uptake, whereas we measured W peak .
To our knowledge, the relationship between cardiac function and W peak after HCT has not been previously investigated. There are many potential causes of late cardiac complications after HCT, including chemotherapeutic drugs given during primary treatment, notably anthracyclines, and the preparative regimen, which often combines highdose cyclophosphamide with TBI. 36 We have previously shown that although several echocardiographic variables were significantly decreased compared with those of healthy control subjects in long-term survivors after HCT, cardiac function was nevertheless comparatively well preserved with all echocardiographic variables within the normal range. 9 It is therefore not surprising that we found no significant associations between W peak , which was clinically significantly decreased, and echocardiographic variables, which were not.
Long-term HCT survivors are at increased risk of developing an altered body composition with a higher percentage of fat mass and a lower FFM, which may, among other factors, predispose to decreased insulin sensitivity, increased levels of blood lipids, and the metabolic syndrome. 17, 19, 20, 22, 37, 38 These body composition imbalances also introduce methodologic difficulties because adjusting workload, or peak oxygen uptake, by total body mass rather than by FFM penalizes the patients compared with the healthy controls.
In the present study, both W peak /kg FFM and W peak /kg body weight correlated inversely with the percentage of fat mass in the patients, suggesting that reduced exercise capacity may in part account for their higher percentage fat mass, putting them at high risk of developing cardiometabolic disease. 32, 39 Conversely, it is also possible that the patients were less physically active during their formative years and therefore were significantly deconditioned, leading to increased fat mass, less lean muscle mass, and reduced exercise capacity.
Adults with untreated GH deficiency may develop reduced muscle mass and strength and decreased exercise capacity. 18 Post-HCT GH deficiency due to radiation involving the adenohypophysis may develop many years after exposure. 17 In the present study, we found decreased levels of GH in the patients but no significant correlation between W peak and GH levels.
Limitations of the present study include the small sample size and its cross-sectional design, which prevented inferences about cause and effect. Further, we did not include measurement of peak oxygen
uptake. An additional weakness was that we did not ascertain phys- The strengths of our study were the comparatively homogeneous study population, the long duration of follow-up, and the use of a welldefined control group.
Because long-term survivors after HCT are at risk of developing cardiometabolic disease and this may, to some extent, be modifiable, 40 we believe that they should be monitored regularly and be encouraged to participate in physical activities on a regular basis. As shown by Myers et al, 21 exercise capacity is an important prognostic factor in patients with cardiovascular disease. Impaired exercise capacity may also affect daily activities, resulting in a declining quality of life. We propose that exercise testing, as a global assessment of exercise capacity, should be performed in long-term survivors after HCT in adolescence or early adulthood. This would serve as a means to detect a decrease in physical performance at an early stage. For the patient, this could bring the importance of physical activity to mind and, we hope, act as an incentive for increased physical activity. 
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